Many proteins are composed of several domains that pack together into a complex tertiary structure. Multidomain proteins can be challenging for protein structure modeling, particularly those for which templates can be found for individual domains but not for the entire sequence. In such cases, homology modeling can generate high quality models of the domains but not for the orientations between domains. Smallangle X-ray scattering (SAXS) reports the structural properties of entire proteins and has the potential for guiding homology modeling of multidomain proteins. In this article, we describe a novel multidomain protein assembly modeling method, SAXSDom that integrates experimental knowledge from SAXS with probabilistic Input-Output Hidden Markov model to assemble the structures of individual domains together.
ab initio folding potentials. 15 Despite these advances, the modeling of multidomain protein structures remains an ongoing area of research.
The use of experimental restraints has the potential to improve the accuracy of predicting multidomain protein structures. Crosslinking/mass spectrometry and small-angle X-ray (SAXS) scattering are two notable examples of experimental methods that provide distance information that can be combined with structure modeling into socalled "hybrid" methods. [16] [17] [18] In particular, the explosion of biological SAXS over the last 5 to 10 years [19] [20] [21] [22] suggests that it may be especially impactful in hybrid methods. SAXS provides solution structural information in the form of the radius of gyration (R g ), the maximum particle dimension, and the electron pair distance distribution function (P(r)). Furthermore, SAXS provides information about the molecular mass in solution, oligomeric state, and quaternary structure. 23 Several groups have integrated SAXS data into their protein structure prediction pipeline. [24] [25] [26] [27] Also, in the recent critical assessment of protein structure prediction (CASP) competition, SAXS information was incorporated into the data-assisted category that aimed to assess the potential of integrating SAXS data with protein structure prediction methods for protein folding. 18 Most CASP12 approaches utilized SAXS as additional driving restraints involving (a) the goodness-of-fit between the experimental SAXS curve and those computed from models; (b) comparison of the experimental P(r) to the P(r) histogram calculated from the model; and (3) R g as a restraint on the size of the structure. Although SAXS-based hybrid modeling holds great promise, more research is needed to determine the best ways to fully leverage the experimental information from SAXS in protein structure modeling.
In this work, we investigated the use of restraints from SAXS for the purpose of multidomain assembly. We developed a novel framework to systematically integrate the probabilistic approach for protein conformational sampling with SAXS-assisted structure folding. Our method applies probabilistic Input-Output Hidden Markov model and Monte Carlo sampling to simulate the domain-domain orientation with SAXS related energies enforced, so that it can generate nearnative structures that have low free energy and good agreement with the SAXS curve. In addition, we examined the correlation between the SAXS scoring functions and structural qualities (ie, root mean square deviation [RMSD]) on the CASP proteins, which shows the effectiveness of SAXS data in the structural analysis. Our method shows a significant improvement in domain assembly and structure folding after incorporating SAXS information as additional energies to the physics-based force field, which demonstrates the promise of using SAXS data in computational protein structure modeling.
| MATERIALS AND METHODS

| Benchmark sets
To assess how well each SAXS-based pseudo-energy function correlates with structural quality (ie, RMSD), 28 we collected predicted structural models generated for protein targets that were tested in the 8th, 9th, 10th, and 11th CASP experiments. 29 The proteins whose experimental structures were available were selected for preliminary analysis. The dataset contains 112 050 models corresponding to 428 single-domain and multidomain proteins. The detailed statistics are provided in Table S1 .
In addition, we evaluated our method on the three types of datasets to validate the effectiveness of SAXS data in protein domain assembly. The first dataset contains multidomain proteins from CASP8-12 whose experimental structures are available. The domain definition (ie, number of domains and the domain boundaries) of each protein was determined by CASP assessors. 30 Since our method requires continuous domains as input, the domains with chain breaks (defined as distance of adjacent CA-CA atoms larger than 4 Å) were removed from the dataset. Finally, we collected 51 CASP multidomain proteins for the domain assembly analysis. The length of domain linkers among the 51 proteins ranges from 5 to 21. We randomly selected five targets to determine the weights for the SAXS terms of the target function. The remaining 46 targets were used to compare the performance of different SAXS scoring functions for domain assembly. The structural similarities between the five training proteins and testing proteins are calculated and summarized in Figure S1 . The structures of individual domains for all 51 CASP targets were directly derived from their native protein structures and were further used for domain assembly.
The second dataset is a collection of two-domain proteins curated in the ab initio domain assembly (AIDA) server. 15 The number of domains in each protein was determined by DomainParser. 31 Unlike using the native domain structures for assembly in the CASP dataset, we first used our MULTICOM tertiary structure system 9 to predict the structures of individual domains of proteins from their homology templates. The domains whose predicted structures have TM-score >0.9 against their native structures were selected for domain assembly. Finally, MULTICOM successfully predicted high-quality models for domains of 73 proteins in the AIDA dataset. The length of domain linkers in 73 proteins ranges from 5 to 15. The predicted structures were used for domain assembly analysis.
We also tested our method on two monomeric proteins for which SAXS experimental data are available. The first protein is 1127-residue Rhodobacter capsulatus PutA (RcPutA) whose homology model has been comprehensively studied using SAXS data in previous work. 32 Two domains have been identified in RcPutA from the templates corresponding to residues 1 to 972 and residues 994 to 1127.
The second test case is bovine serum albumin (SASBDB 33 accession code SASDBJ3 34 ). The domain boundary was determined according to the structural templates resulting in two domains: residues 1 to 292 and residues 303 to 583.
| Domain-domain orientation driven by unitedresidue model and probabilistic sampling
Given individual domain structures for a protein sequence, our method first converts the polypeptide chains of domains into united-residue representation as described in the UNRES model. 8, 35 In the UNRES model, the backbone of the polypeptide chain is approximated by a sequence of α-carbon atoms linked by virtual bonds, and the con- Our method implements the domain assembly based on the following steps, as depicted in the Figure 1 . Given the full-length sequence of a protein, we first predict the sequence's 8-class secondary structure using SSpro. 36 Then we sample the united-residue conformation for the entire polypeptide chain using IOHMM model for structure initialization. After the conformation is initialized, the torsion angles and virtual-bond lengths of α-carbon and its side chain atoms at each position of residues in the full-length polypeptide chain are updated according to their geometry in the predetermined domain structures. The regions whose structure information is not provided in the domain structures are considered as linkers that anchor domains together. The conformation of the linker regions is then sampled using the IOHMM model and orients the domain structures using simulated annealing algorithm to generated structural models with lowest structural energy. Therefore, our method can be applied to assemble any number of domains for multidomain proteins.
| Integrating physics-based force field with SAXS restraints for domain-domain assembly
Our method adopts the united-residue physics-based force field that was defined in our previous work to represent the energy of a unitedresidue peptide chain. 8 The physics energy includes the mean free energy of hydrophobic (hydrophilic) interactions between side chains (E sciscj ), excluded-volume potential of side-chain and peptide group interaction (E sc i p j ), and the backbone peptide group interaction to F I G U R E 1 Pipeline of SAXSDom for domain assembly with parameterization of conformation in linker regions and overall shape match with small-angle X-ray scattering data represent the average electrostatic interaction (E p i p j ) for any pair of residues in the ith and jth positions in the polypeptide chain, as represented in Equation (1):
Unlike our earlier approach that generated chain conformation based on stepwise sampling of foldon units, our current method only samples the conformation of the linker regions and keeps the structures of the domains fixed. Therefore, the physics-based force field of intradomain interactions is stable during conformation sampling, and the energy of chain conformation is only affected by the interactions of all interdomain residues (ie, interaction interface) and all linker residues, where the physics energy can be further represented as in Equation (2):
It is worth noting that the energy of hydrophobic (hydrophilic)
interactions between side chains of linker residues plays an important role in the protein folding and domain-domain movement. 37 Studies showed that the average residue hydrophobicity (hydrophilicity) is largely influenced by the size of linkers, where longer linkers are more hydrophilic and exposed so that they induced larger domain motions in the conformation space. Inversely, smaller linkers showed more hydrophobic character, which may significantly restrain the domaindomain movement. 38 We introduced additional energy terms corresponding to the SAXS restraints for the total energy calculation, defined as:
The first term in the SAXS energy, E saxs Á IntFit , represents the normalized fitness between the experimental SAXS intensity and computed intensity from the models, which is defined as:
In Equation (4), I exp (q) is the experimental SAXS intensity and I model (q) is the theoretical SAXS intensity calculated from models. We employ the same strategy as FoXS 39, 40 to calculate I model (q) and to determine the best fit between I exp (q) and I model (q) by minimizing the χ function:
In Equation (5), σ(q) is the experimental error of the measured SAXS profile, N is the number of points in the profile, and c is the scale factor determined from linear least-squares analysis to derive the minimum value of χ.
The second term in the SAXS energy function, includes χ as an additional score term to account for the degree of SAXS profile matching and is defined as follows:
The third term in the SAXS energy function, E saxs Á Pr , represents the Kullback-Leibler divergence between the pairwise atom-atom distance distribution function P(r) derived from the experimental SAXS profile and the pair distance distribution computed from the model, which is defined as:
The experimental P(r) is calculated from the experimental SAXS intensity curve using an indirect Fourier transform along with an assumption of the maximum particle size (d max ). 41, 42 The pair distance distribution of the protein structure is directly calculated from its atomic coordinates.
The last term in the SAXS energy function , E saxsÁRg , is a penalty function based the agreement between experimental R g and the R g calculated from the protein model:
The SAXS-related quantities (ie, SAXS intensity, P(r) and R g ) described above were calculated using algorithms implemented in the Integrated Modeling Platform (IMP) package. 43 We adopted the same weight configuration for the physics-based force field energy terms listed in Equation (1) as our previous method, 8 where w sc = 1.00000, w sc Á p = 2.73684, and w el = 0.06833.
For the SAXS energy terms described in the Equation (3), we set w χ = 10, w saxs Á fit = 700, w saxs Á Pr = 700, and w saxsÁRg = 700 after experimenting with several weights on the small training proteins.
In summary, the energy for a multidomain polypeptide chain in our method is:
In addition to the four SAXS-related scoring functions as defined in Equations (4-8), we also experimented with 10 other SAXS-based scoring functions based on the agreement between the experimental SAXS profiles and those computed from models (functions 5-14 of Table S2 ).
Since the physics-based energies are calculated from unitedresidue models, but the SAXS energy calculations require the fullatom representation with at least a Cα-trace, we reconstruct the Cαtrace and side chains from the united-residue protein representation using PULCHRA 44 to generate full-atom protein models for SAXS energy calculation. In order to speed up SAXS fitting and computation, the functions of FoXS, 39 PULCHRA, 44 and IMP 43 3 | RESULTS AND DISCUSSIONS
| Evaluation of different SAXS profile matching score functions
We first tested several SAXS scoring functions to identify those that correlate best with the structural quality of a predicted model. Fourteen functions were considered, including the four described in detail above (Equations 4, 6, 7, and 8) and 10 more shown in Table S2 . The test set consisted of the predicted server models of 428 targets from CASP8 to CASP11 (Table S1 ). Theoretical SAXS curves (I(q)) were calculated from both the experimental structures and the predicted models using FoXS, 39 and the resulting SAXS curves were used to calculate distance distribution functions (P(r)) using GNOM. 45 For each predicted model, we generated SAXS data from both the full-atom and Cα-atom structure. Model quality was expressed as the Cα RMSD between the model and its experimental structure.
The Pearson correlation coefficient between the RMSD and each of the 14 SAXS scores of all the predicted models for each protein was calculated, and the averaged correlations over the 428 targets are listed in Table S2 (full-atom model) and Table S3 (Cα-atom model).
Three SAXS scores stood out from the others. The P(r)-based function (score 2), R g agreement function (score 3), and the normalized I(q) fitness function (score 5) showed the highest correlation with RMSD, with averaged PCCs of 0.6, 0.7, and 0.59, respectively when using the full-atom treatment (Table S2 ). The use of Cα-atom models led to a similar result, with scores 2, 3, and 5 outperforming the others (Table S3 ). This result is potentially useful, since Cα-trace modeling is typically faster than all-atom modeling. The averaged PCCs for the three best functions are shown in Figure 2 . Since the χ function is a common metric for comparison of scattering curves for SAXS, we include it for comparison in Figure 2 . Note that the χ-score (score 1 in were employed to assemble domains for 46 CASP multidomain proteins, and each method generated 50 full-length models for each protein. For each protein, the initial coordinates of each domain were directly derived from the experimental structure, and the secondary structure of the full-length protein sequence was predicted by SCRATCH. 46 The "experimental" SAXS intensity profile was calculated by FoXS from the experimental structure. After 50 models were generated, we assessed model quality with Qprob 47 to rank the assem- best of all 50 models, respectively. Figure 3 shows the performance of five SAXSDom methods with different SAXS energies and SAXSDomabinitio method evaluated on the best of all 50 assembled models based on the RMSD, TM-score, and SAXS χ-score. According to the evaluation, as shown in Figure 3A , the method SAXSDom (E saxs ) outperforms the SAXSDom-abinitio in 40 out of 46 proteins in terms of RMSD and TM-score. We also evaluated the distribution of SAXS χ-scores for all generated models. As expected, the SAXS χ scores of assembled models using SAXS information were lower than that of models built by ab initio sampling. As shown in the plot, the distribution of SAXSDom (E saxs ) consistently shifted to lower SAXS χ-score compared with SAXSDom-abinitio. Figure 3B 
| Performance of SAXSDom in AIDA multidomain proteins using predicted domain structures
We also assessed the performance of SAXSDom using 73 multidomain proteins which were originally curated for evaluating the ab initio domain assembly approach AIDA. 15 In our work, the domain structures for these 73 proteins were predicted by the MULTICOM tertiary structure prediction method and then further assembled using our protocol. SAXSDom then generated 50 assembled models using the reference SAXS intensities derived from the native structures of fulllength proteins. Qprob was then used to re-rank the 50 models. The same protocol was applied to SAXSDom-abinitio to generate 50 models for the 73 proteins. The accuracy of top Qprob-ranked models (ie, top 1 model, best in top 5 models, best in all 50 models)
were subsequently evaluated according to TM-score and RMSD. We also compared our methods with another two state-of-art structure modeling approaches, Modeller, 13 and AIDA. 15 For each protein, Modeller and AIDA also generated 50 models which were ranked according to their default energies. The qualities of top ranked models generated by Modeller and AIDA were also evaluated and compared to our methods. Abbreviations: CASP, critical assessment of protein structure prediction; RMSD, root mean square deviation; SAXS, small-angle X-ray scattering.
F I G U R E 3 Comparison of five SAXSDom approaches with the SAXSDom-abinitio method (does not use SAXS) on the best 50 assembled models. A, SAXSDom (E saxs ) vs SAXSDom-ab initio (Left plot: TM_scores of SAXSDom (E saxs ), models vs TM_scores of SAXSDom-abinitio models; Middle plot: RMSD of the models of the two methods; Right plot: Distribution of χ-score of all assembled models for 46 proteins by two methods (mark the two curves in the plot). B, SAXSDom (E saxs Á χ ) vs SAXSDom-abinitio. C, SAXSDom (E saxs Á Pr ) vs SAXSDom-abinitio. D, SAXSDom (E saxsÁRg ) vs SAXSDom-abinitio. E, SAXSDom (E saxs Á IntFit ) vs SAXSDom-abinitio. RMSD, root mean square deviation; SAXS, small-angle X-ray scattering Table 2 reports the averaged TM-score and RMSD of top ranked models generated by the four methods tested. AIDA achieved relatively better performance in domain assembly compared to the other methods. The main difference between AIDA and our approach is that AIDA uses an all-atom representation of the protein structure,
whereas SAXSDom uses a united-residue representation. The results also show that SAXSDom outperforms both SAXSDom-abinitio and
Modeller in terms of all metrics with statistical significance shown by the one-sample paired t test. Figure 4 shows the performance of SAXSDom with SAXSDom-abinitio, AIDA, and Modeller evaluated on the best of all 50 assembled models based on the RMSD, TM-score, and SAXS χ-scores. According to the evaluation, as shown in Abbreviations: AIDA, ab initio domain assembly; RMSD, root mean square deviation; SAXS, small-angle X-ray scattering. Figure 4B compares the performance of SAXSDom and AIDA. AIDA was able to assemble domains with slightly better qualities according to RMSD, while SAXSDom can generate assembled models that were better matched to the SAXS profile. Figure 4C shows that SAXSDom can generate significantly better models with lower SAXS χ-scores compared to that of Modeller. The results of the method comparison evaluated on the top one and best five assembled models are also shown in Figures S4 and S5 .
In addition to the global statistical performance analysis provided so far, we present the results for four representative targets as 3D structures ( Figure 5 ). The crystal structure of signal recognition particle receptor from Escherichia coli (PDB code 1FTS) consists of an α-helical domain (residues 1-82) connected to an αβα domain (residues 92-295) by a of 9-residue linker ( Figure 5A ). SAXSDom successfully placed the domains into the correct orientation using SAXS information, although the linker conformation is not correct. The assembled structure agrees well with the envelope of the protein structure even though the variation of linker region is relatively large.
The shape envelopes are reconstructed using SAXS data through DAMMIN program in ATSAS package. 42, 48 The agreement of the SAXSDom model with the SAXS data is characterized by χ = 2.8 ( Figure 6A) . Figure 6A,B shows that the SAXSDom model has better agreement with the SAXS data than the models from the other methods, both for P(r) and the scattering curve. The residue-byresidue distance errors between the experimental structure and the models show that the accuracy of domain assembly is improved by incorporating SAXS energies in the SAXSDom compared to ab initio method SAXSDom-abinitio ( Figure 6C ). Figure 5B shows the predicted domain assembly for the ErmC 0 rRNA methyltransferase (PDB entry 1QAM). The structure consists of two domains, an N-terminal αβα domain (residues 1-171) and a Cterminal α domain (residues 176-235). The predicted assembly model has RMSD = 3.0, TM-score = 0.81 to the experimental structure, and χ-score of 1.6 to the SAXS profile. The domain linker contains four residues and is folded into similar shape as that in the native structure.
Domain assembly for a protein of unknown function (PDB code 3P02) also achieved good performance, with two β-domains combined into a native-like orientation (RMSD = 3.4, TM-score = 0.81, and χ-score = 1.7, Figure 5C ). In this case, the structure has a rather short linker of only four residues, which restricts the conformational space needed to be sampled. 
| Performance of SAXSDom using experimental SAXS data
To further examine the performance of SAXSDom on domain assembly using real SAXS profiles, we applied our method to two bi-domain, monomeric proteins for which the experimental SAXS data are available. The SAXS experimental profile of the protein RcPutA has been used to validate the tertiary structural interaction between two domains (1-972 and 994-1127) in Luo et al. 32 The homology model of RcPutA that was generated using the crystal structure of a close homolog (5KF6 49 ) as the structural template agrees very well with the experimental SAXS data (χ-score = 2.55, Figure 7A ), and therefore was used as reference structure to validate the performance of domain assembly. In this case study, the results showed some dependence of the length of the linker, and therefore we systematically varied the linker length to explore the robustness of our method. The performance of domain assembly on RcPutA is summarized in Table S5 . The RMSDs of the assembled models span the range of 2.9 to 5.6 Å with χ-score ranging from 2.12 to 5.06 for linker lengths of 6 to 21 residues (Table S5 ). Regardless of linker length, SAXSDom correctly captured the essential tertiary structural interactions between the two domains. In particular, all the models show the β-hairpin of domain 2 near the center of domain 1 (eg, Figures S9A and S9B) .
However, the details of the interdomain interface were more accurately described when shorter linkers were used (6-7 residues, Figure S9A ). We also evaluated domain assembly performance on bovine serum albumin (SASDBJ3) and the results are provided in Table S6 . The top 1 model generated by SAXSDom shows good agreement with the crystal structure (RMSD = 2.5 Å and χ-score = 1.0).
The final predicted structures for the two proteins are visualized in Figure 7 and Figure S9 .
F I G U R E 6 Comparison of predicted models for 1FTS by SAXSDom, SAXSDom-abinitio, AIDA, and Modeller. A, The SAXS profiles calculated from the models and the experimental structure. SAXS curves in q = 0 to 0.15 region are also visualized. B, Pair distance distribution functions (P (r)) calculated from the models and the experimental structure. C, Residue-by-residue distance error between the predicted models and the experimental structure. AIDA, ab initio domain assembly; SAXS, small-angle X-ray scattering
| CONCLUSION AND FUTURE WORK
In this work, we developed a data-assisted domain assembly method, SAXSDom, by integrating the probabilistic approach for backbone conformation sampling with SAXS-assisted restraints in domain assembly. We evaluated several SAXS-related score functions for structure modeling, including fitness of SAXS intensities, the divergence of pair-atom distance distribution, agreement of the radius of gyration, and the traditional chi-score. Our results show that incorporating the restraints from SAXS data into de novo conformational sampling method can improve the protein domain assembly. SAXSDom can generate more accurate domain assembly for 40 cases among 46 CASP multidomain proteins in terms of RMSD and TM-score when compared to modeling without using SAXS information. On the AIDA dataset, SAXSDom also achieved better accuracy for 50 out of 73 multidomain proteins according to RMSD metric and 45 out of 73 targets in terms of TM-score.
Despite the success of improving protein domain assembly using SAXS data, our method can still be improved in several ways: F I G U R E 7 Performance of SAXSDom on two bi-domain proteins using real SAXS data. A, Final prediction for RcPutA with domains consisting of residues 1 to 972 and residues 994 to 1127. The conformation of linker region with 21 residues is sampled to assemble the two domains. The reference structure is colored gray, and the SAXSDom model is colored red (domain 1) and purple (domain 2). The scatter plot shows the RMSD from the reference structure and SAXS chi-score for 50 decoys generated by SAXSDom; the top 1 ranked model is highlighted as red. On the right, the theoretical SAXS profiles calculated from the reference structure (blue) and predicted structure (red) are compared to the experimental data (black circles). B, Two-domain assembly for target SASDBJ3 using real SAXS data. The structures of domain regions (1-292, 303-583) were predicted by MULTICOM protein structure system. The reference structure is colored gray, and the SAXSDom model is colored red (domain 1) and purple (domain 2). The scatter plot shows the RMSD from the reference structure and SAXS chi-score for 50 decoys generated by SAXSDom; the top 1 ranked model is highlighted as red. On the right, the theoretical SAXS profiles calculated from the reference structure (blue) and predicted structure (red) are compared to the experimental data (black circles). RMSD, root mean square deviation; SAXS, small-angle X-ray scattering
